Anthophyllite is an amphibole mineral formed through a prograde metamorphism of magnesium-rich ultramafic talcose rocks through increasing pressure and temperature and dehydration. The talc and anthophyllite are in phase equilibrium. Anthophyllite asbestos is therefore not a 'contaminant' of talc but a product derived from it. Fibrous talc, or so-called transitional fibers, are anthophyllite fibers undergoing retrograde degeneration. In its fibrous asbestiform state, anthophyllite differs in several fundamental ways from other commercially exploited forms of amphibole asbestos of which there are two broad families: monoclinic and orthorhombic. The more common forms of commercial amphibole asbestos such as crocidolite and amosite are monoclinic. The anthophyllites are orthorhombic. The differences between the two crystal systems are reflected at the level of the basic amphibole-structure in a greater overall fiber width dimensional profile and a significant reduction in microstructural strength. Strength reduction most probably arises at the cellular level and is particularly pronounced within the thinner population of fibers. Here microstructural differences, due in significant part to stacking defects in the basic amphibole structure, can account for these observations. The lack of an observed attendant mesothelioma risk following exposure to anthophyllite and transitional fibers in humans is a consequencel of these microstructural features that appear to differentiate them from the equidimensional monoclinic forms of amphibole asbestos such as South African crocidolite and amosite.
Introduction
Anthophyllite asbestos differs from most forms of commercial amphibole asbestos in failing to demonstrate, on the basis of long term epidemiological studies, an attendant mesothelioma risk following exposure in humans (Ilgren and Hoskins, 2018a,b,c) . We attribute this largely, though not completely, to its greater fiber width dimensional profile. The aim of this report is to provide several 'microscale' explanations for these 'macroscale' observations. There are at least two points, not unrelated, that should be emphasized in this study. Anthophyllite is an amphibole mineral formed from the breakdown of talc in a prograde metamorphism of magnesium-rich ultramafic rocks through increasing pressure and temperature. The direct consequence of this is that anthophyllite does not 'contaminate talc'. Such 'contamination' has often been claimed with regard to cosmetic talc purity. The two minerals co-exist and are in phase equilibrium with each other; one does not 'contaminate' the other. Secondly, all amphiboles are known to occur in various structural forms; the fibrous, asbestiform, is comparatively rare to the extent its formation requires highly specific conditions of temperature, pressure and chemistry. Detailed micro-analytical studies of the talc-anthophyllite transformation have shown that the anthophyllite found in some transitional fibers, are part talc and part anthophyllite. In some cases, the transitional fibers form on asbestiform anthophyllite whilst in others they appear to form on non-asbestiform anthophyllite (McNamee & Gunter, 2014) . Since epidemiological studies of people exposed to asbestiform anthophyllite show that the mineral does not appear to pose a mesothelioma risk (see Ilgren & Hoskins, 2018 a,b,c) , it is logical to assume transitional fibers must also fail to present a mesothelioma risk. Moreover, since cleavage fragments are biologically inactive (Ilgren, 2004) , transitional fibers formed on non-asbestiform, anthophyllite cleavage fragments are clearly not mesotheliomagenic.
Microscale Observations of Anthophyllite
Studies of fiber microstructure have answered many questions on the nature of, and differences in, the fibrosity and dimensions between different types of amphibole asbestos. For many years, structural detail was not easily detected by X-ray diffraction. The advent of high-resolution transmission electron-microscopy (HRTEM), opened new fields of knowledge (Busek & Iijima, 1974) . However, the application of HRTEM to amphibole asbestos initially posed a number of problems particularly as the electron diffraction patterns tended to be uninterpretable. The large numbers of reflections made it difficult to decipher their true identify due to the thick nature of the fibrils. Initially Hutchinson et al. (1975 Hutchinson et al. ( ,1979 addressed this by crushing fibres in a percussion mortar at liquid nitrogen temperatures to increase fibre brittleness. Subsequently, Busek and his colleagues overcame these technical difficulties (O'Keefe et al., 1978) . The value of their work to the field was later extensively acknowledged including their ability to compute crystal structure images using HRTEM technology 1 .
Fiber Width and Microstructure
The microstructure of a typical amphibole mineral was first determined by Warren in 1930 on the basis of XRD. Later that year, the microstructure of anthophyllite was reported by the same workers (Warren & Modell,1930) . Technological limitations precluded further determination of the finer details of amphibole structure until Whittaker (1949) applied HRTEM methods to discern minor structural variation in an amphibole fiber (Whittaker, 1988, pers. comm.) . Whittaker (1949) chose the anomalously wide fibers of Bolivian crocidolite for study since they approximated single crystals wide enough to be seen using optical microscopy enabling them to be mounted individually.
The fiber width dimensional profiles of Bolivian crocidolite and Finnish anthophyllite are both increased compared to other amphibole fibers (Ilgren et al., 2012 ) a reflection of their equally unusual modes of development. Commercially mineable deposits of anthophyllite are found in the field as ellipsoid lenses and seen in hand samples as radiating clusters (Fig. 1 ) compared with classical cross fiber deposits of South African crocidolite (Fig. 2) . 
Microstructural Variation reflected in Macroscopical Appearance
The unusual macroscopic appearance of anthophyllite reflects underlying microstructural differences.
Microstructural order and Increased Fiber Width
The fibrils in amphibole asbestos form double chains with non-circular cross sections. The text book concept of amphibole microstructure has been seen historically as an ordered arrangement of laths composed of two chains of ribbons of Si 4 O 11 units separated by a band of 7 cations. The idealized amphibole structure appears as a stack of I-beams on the (001) plane, in basal section, which form an ordered rectangular system in isometric projection (Fig 3) Figure 3. Stacking of I-beams (from Hodgson, 1986) 
Stacking Faults
Changes in the arrangement of the basic structural blocks observed by X-ray diffraction differ according to the type of fibrous amphibole. These are known as stacking faults and they can alter fiber width. Thus, monoclinic amphiboles such as the classical South Africa crocidolite (Fig. 2) have three axes, all unequal in length, with two at right angles to each other and a third lying at an angle other than 90°. By contrast, the orthorhombic amphibole anthophyllite also has three unequal axes but they are all arranged at 90° to each other. As a consequence, the distance 'a' in anthophyllite is twice that of 'a' found in South African Crocidolite, the angle of the alternating stacking sequence "β" being 90° (Fig. 4) (also see Dyar & Gunter, 2018) . 
Wadsley Defects
Changes in the construction of the basic structural blocks of fibrous amphiboles observed by X-ray diffraction are known as "Wadsley defects" (after Wadsley, 1955) . These can affect fibre width e.g. through the insertion of "triple chain defects" in the centre of each "unit cell" (e.g. see Figure 1 in Veblen & Busek (1980) ) (Fig. 5) .
Indeed, anthophyllite appears to contain more triple chain defects than monoclinic amphiboles. Many of the structural changes involved in the retrograde reaction of anthophyllite to talc also involve chain width errors also known as 'Wadsley defects', a "conclusion supported by the microstructures observed with electron microscopy." (Veblen and Busek, 1980) Wadsley defects can thus alter structural integrity 2 that provide sites for ion migration which can, in turn, initiate structural reordering to a sheet silicate such as talc. The bases for such alteration mechanisms have been studied for more than 70 years and have led to the conclusion that anthophyllite and talc are in phase relationship with each other. The alteration of anthophyllite to fibrous talc is the initial phase of this alternation process (Virta, 1985; Veblen & Busek, 1980) . "The crystallographic relationship between the fibrous talc and amphibole and the fine intermixing of the two minerals are consistent with such an alteration mechanism" (Virta, 1985) "talc being intergrown on a nanoscale with anthophyllite 3 ' as part of this process" (Wylie et al., 1997) . 'Intermediate or transitional fibers are fibers of anthophyllite caught in the mostly complete retrograde metamorphosis to talc' (Crane, 2000) ; "the fibril dimensions and dominant (100) orientation of the amphibole lattice, suggesting that the fibrous morphology is due to the altedration of fibrous, if not asbestiform, anthophyllite (Virta, 1985) . Veblen & Busek (1980) suggested several mechanisms for the reaction of anthophyllite to talc. One is the replacement of anthophyllite along grain boundaries by talc mentioned above. Another is through the insertion of 'very wide chains' e.g. triple chain defects (vs). Veblen & Busek (1980) say the reaction can occur by 'the nucleation and growth of wide chain zippers'. but caution the reader not to interpret the word "zipper" as a 'two dimensional' change but view them as 'three dimensional slabs' 4 or very large defects that are usually extensive in both the a and c directions'
Mechanisms for the Reaction of Anthophyllite to Talc
5 . These defects create large channels parallel to the c-axis that "are thus enormous compared with the sizes of the ions that must diffuse in and out of the structure during hydration reaction" (to talc). "Presumably these channels are empty or filled to a very low atomic density." (Veblen & Busek, 1980) However as material accumulates or 'nucleates' within such channels, it may attain a critical size after which it will continue to "grow consuming anthophyllite" (Veblen & Busek, 1980) . This occurs "With falling metamorphic temperature, (when) wide chain material may well become more stable than double-chain silicate" (anthophyllite). Thus, "once conditions have left the range for anthophyllite stability and have become appropriate for the stability of talc", (Veblen & Busek, 1980) . a 'transitional fiber' or talcbole will form as a pseudomorph on the original anthophyllite fiber and a continuum of structures between what one calls chain silicate and platey talc will eventuate (Santii, 2015 pers com).
The distribution of defective and perfect anthophyllite indicates that the reaction is initiated quite locally, "two such areas of concentrated defects (interpreted) to be in the first stages of reaction toward talc" being illustrated by Veblen and 
The Chemical or Physical Parameters Responsible for the Initiation of the Reaction
The chemical or physical parameters responsible for the initiation of the reaction are not understood. Possibly, once an area has started to react, minor structural stresses resulting from the defects further destabilize the anthophyllite. Alternatively, the pattern of reaction may be controlled by externally imposed 'chemical potential variation'. Amongst such 'externally imposed chemical variations' might be the 'weathering' discussed in detail in Part 3 of this series on American and Japanese anthophyllite. Thus, anthophyllite from the surface of deposits was known to be more fibrous and was sometimes left on the surface longer before collection to enhance its "fibrosity" and making it soft enough to mine.
Mechanisms of Internal Transport that Facilitate the Reaction of Anthophyllite to Talc
Most forms of monoclinic amphibole do not permit the passage of chemicals and fluids and are thus viewed as 'closed systems'. Anthophyllite is unusual since it has an ´open´ system through which materials can diffuse along grain boundaries and structural tunnels that can change its durability and width. The "grain boundaries"
ep.ccsenet.org Environment and Pollution Vol. 8, No. 1; mentioned above along which talc may migrate in anthophyllite do not appear to be found in monoclinic amphiboles such as crocidolite. (Cressey et al, 1991; Ahn and Busek, 1991) . The large defects also mentioned above in anthophyllite can create large channels parallel to the c-axis that "are enormous compared with the sizes of the ions that must diffuse in and out of the structure during the hydration reaction (to talc)". The diffusion of cations in silicates is generally a sluggish process but there are some structures in which it can be extremely rapid, most notably where large tunnels present. The introduction of wide-chain silicates can thus provide pathways for ultra-fast diffusion. Indeed, since the complete conversion of anthophyllite to talc only requires removal of one-seventh of the octahedral cations, this reaction step can sometimes be extremely rapid. Indeed, it is likely that diffusion along zipper terminations is still more rapid, especially at metamorphic temperatures. By analogy with zeolites, the ion exchange required for zipper expansion can conceivably take place on time scales of minutes, suggesting that the diffusional constraint on the growth of zippers may not even be significant (particularly since most of the cations do not need to move in or out of the structure at all). Diffusion rates probably pose no problems for the growth of (210)-talc, because cations could easily move along the sheet terminations of the growth ledges and along the talc-pyribole interface.
The Range of Conditions Required for Anthophyllite Formation and Stability
The range of conditions required for anthophyllite formation and stability have been studied for more than 70 years.
The not uncommon co-existence of the conditions required for anthophyllite and talc formation explain why the two often occur together. This is well illustrated in fig 11 of Neathery's (1968) study of talc and anthophyllite in Alabama (Fig. 6 ) both topographically in the field (upper part of illustration) and experimentally in the laboratory (lower part). Figure 6 . Principal zones of a typical talc-anthophyllite-bearing ultramafic body, and diagrams of stable mineral phases in the principal zones. (Figure 11 from Neathery (1968) ).
Experimental Studies of the Phase Stability Relationship between Anthophyllite and Talc
The experimental studies of phase equilibrium for anthophyllite formation have been studied by various workers most notably Bowen & Tuttle (1949 ), Yoder (1952 , Roy & Roy (1955) , Fyfe (1962) , Greenwood (1963) , and Kitahara, Takenouchi & Kennedy (1966) . As Neathery (1968) said "The physicochemical conditions involved in the formation and alteration of the talc and anthophyllite are discussed" … since "this discussion should aid in understanding the occurrence of talc and anthophyllite in the ultramafic rocks". A significant part of Bowen and Tuttle's studies (1949) dealt with the interrelations of the phases talc and anthophyllite and an illustration of a hydration-dehydration sequence illustrating their basic relationship was given. Bowen & Tuttle (1949) were thus able to produce anthophyllite in the presence of water vapor only as a metastable phase by heating talc at 800° C and under a pressure of 15,000 psi for an hour; … They concluded that anthophyllite formed only a transient phase in the presence of water vapor in the alteration of enstatite to talc. Bowen & Tuttle (1949) concluded that "Talc was found to form readily below 800°C at water pressures between 6,000 and 30,000 psi. At temperatures above 800°C talc appeared as a metastable product with forsterite (magnesium olivine) and enstatite. Below 800°C in water deficient systems where talc is a stable product, anthophyllite occurred but was found to be always partially altered to talc" and will thus "develop as an intermediate phase in the formation of talc from anhydrous material." Yoder (1952) and Roy and Roy (1955) Neathery (1968) summarized the work by Fyfe (1962) who in a study of the relative stability of talc, anthophyllite, and enstatite, experimentally showed that anthophyllite was not a transient phase but that the reactions involving the formation and dehydration of anthophyllite were "sluggish". He experimented over a limited range of conditions between 670°C at 2,000 bar pressure and found it possible to convert talc to anthophyllite/quartz in the presence of water and enstatite/quartz to anthophyllite in the presence of water.
Complete conversion of talc to anthophyllite and enstatite to anthophyllite was achieved at temperatures near 760°C in the presence of excess water.
Macroscopic Representations of the Experimental Observations
Reading Säntti et al. (2006) (1) "talc in" (meaning that zone is nearly all talc);
(2) "prograde talc, carbonate out" (meaning with the loss of carbonate, talc being degraded);
(3) "anthophyllite in" (unstated, talc basically gone). Säntti (2015, pers. comm.) said that the process of talc degradation to anthophyllite formation going from East to West involves progressive dehydration and a macroscale increase in temperature and pressure which he likened to the "wringing" out of a highly-heated towel (the talc sheet silicate) in a magnesium -silica rich environment causing it to undergo dehydration and chain silicate formation. 
Biological Implications of the Observed Microstructural Findings

Increased Fiber Width -Pleural Transloction
Fiber width may be a major factor in controlling the translocation of respirable fibers from the lung to the pleura (e.g. Wylie (2016) Paoletti and Bruni, (2009) ). Fibers less than 0.3 µm (Carbone et al., 2012) to 0.4 µm (Lentz et al., 2003) wide are more readily translocated to the pleura and consequently associated with an increased mesotheliomagenic potential (Wylie et al. (1993) 7 . Indeed, "The percentage of elongated mineral particles, citing anthophyllite as an example (Wylie, 2016) that are longer than 10 µm with widths less than 0.33 µm as a proxy for potency, yields a 0% (potency proxy) for anthophyllite" implying "no mesothelioma risk from anthophyllite asbestos (Wylie, 2016) ".
Reduced Fiber Tensile Strength and Durability -Decreased Biopersistence
Both stacking faults and Wadsley defects can weaken intrinsic fiber strength and potentially account for anthophyllite's reduced tensile strength in relation to monoclinic amphiboles. If amphibole fibres are defective, they may break at stress levels well below their par value "tensile strength". Fibre tensile strength measurements available for South African and Western Australian crocidolite emphasize their great strength. By contrast, the tensile strengths of Bolivian crocidolite and Finnish anthophyllite asbestos are much weaker. The multiplicity of microdefects in Bolivian crocidolite and Finnish anthophyllite asbestos fibres may account for these differences in tensile strength. Indeed, Zoltai (1982) said "The higher internal strength of crocidolite also appears to be in accord with the observed lower density of chain width defects in South African crocidolite than in anthophyllite". ). Hodgson (1986) infers this may be due to the greater "the multiplicity or otherwise of micro defects in the structure of individual fibres". The biological relevance of such observations to differential potency in mesothelioma induction can only, at this stage, be hypothesized. However, one interpretation could be that the "muscular" cytoskeleton of the macrophage could conceivably break a "brittle" fibre far more easily than one that is thin, strong, defect free and highly flexible. If that were so, then the macrophage could far more readily clear brittle fibers than those of much greater internal strength.
Frequency of Transitional Talc Fibers and their Relevance to Regulatory Policy
Crane (op cite Price 2010) said transitional objects are "for the most part fibers of industrial talc" rarely found in commercial cosmetic talcum powders (Lee & Van Orden, 2014) . OSHA (Price, 2010) said that OSHA 'does not believe that independent evidence of their health exists which would support regulation". We must agree. Therefore, if as Crane says (op cite Price, 2010) that the large numbers of transitional fibers found in industrial talcs are much longer the 20 to 1 to nearly 100 to 1 in aspect ratio, we would argue that even if these were composed of a significant percentage of anthophyllite e.g. at the start of retrograde metamorphism to talc, the failure to observe a mesothelioma risk to humans on the basis of the epidemiology (Ilgren and Hoskins, 2018 a, b, c) , surely indicates that they would certainly not pose any such risk as well. Wylie et al. (1997) said transitional fibers in a mineralogical state of growth between anthophyllite fiber and talc are particularly common in some deposits (e.g. Gouverneur District New York State talc marketed under the trade name Nytal in which 14% of the talc was intergrown with anthophyllite in reference to their analysis of commercial sample FD14).
Tremolite and Transitional Fibers
The data indicate that anthophyllite, rather than tremolite, is the major amphibole occurring in the fibrous talc grains (Virta, 1985) and little, if any, was present within the fibrous talc grains. Lemen (2015) , in a conference presentation entitled "Asbestos fiber toxicities", suggested several times that anthophyllite was able to produce mesothelioma. For example, in a slide concerning a paper by Oksa and Pukkala (1997) "examining process products composed of chrysotile" he said that out of a cohort of 8,391 members of the Finnish Locomotive drivers' association during the years 1953 and 1991 there was a statistically significant four-fold risk of mesothelioma amongst men exposed to anthophyllite asbestos contaminated with tremolite and exposed pipes used in the locomotives, made of chrysotile". Since crocidolite and amosite were the amphiboles historically used for insulation in trains and on pipes together with other commercial materials, particularly as reflected in various Finnish lung burden studies, undermines Lemen's claims. Dodson et al. (2005) assessed the lung burdens of cases of mesothelioma from individuals in different parts of the United States. One case had only anthophyllite fibers (case L-28) at a total concentration of 3,159,370 f/gram dry lung of which 8% were Stanton sized. The case, a 46-year old woman, was said to have been exposed while a company was doing reconstruction of a facility. Whilst this implied bystander -environmental exposure, the fibre level was well into the occupational range. Moreover, the young age of the case and the time between diagnosis and death (four years) cast doubt on the diagnosis. Alternate causes of exposures were also not excluded. Hull et al. (2002) reported two mesotheliomas among workers in what they claim to be "asbestiform fiber" bearing talc mines in New York State. No anthophyllite was found in one while the tremolite levels were very high. The anthophyllite concentration found in the other case was 5 million f/gm and whilst the aspect ratio was 90 this was only based on the analysis of 6 fibers. This case was also diagnosed as having asbestosis in addition to the mesothelioma but the corresponding fiber concentration of 7 million f/gm is generally considered to be insufficient to produce asbestosis and the role of the tremolite cannot be excluded. Rom et al. (2001) reported a mesothelioma case allegedly due to environmental childhood exposure to anthophyllite from exposures near an American factory using anthophyllite fibers exclusively from 1964 to 1972. A lung burden study was supposedly done but the fibre concentration data are not given. They only said anthophyllite fibers >5 µm in length were found using TEM-XRD-SAED. which differed from the average length of anthophyllite fibers from the general population (cited as 2.97 µm) (Dodson et al., 1999 (Dodson et al., , 2000 . They also say The Finnish Institute of Occupational Medicine in 1990 reported two mesothelioma patients with only anthophyllite in their lung tissue (Hernberg et al., 1990 ) but crocidolite exposure cannot be excluded. Kottek and Kilpatrick (2002) also independently critiqued Rom et al. (2001) and pointed out a number of its weaknesses. Korchevsky et al. (2008) published a study of four mining districts in Russia one of which allegedly produced anthophyllite asbestos. The authors claimed that their revision of the risk factor for anthophyllite and mesothelioma suggested it was far more toxic than previously reported. The anthophyllite was allegedly from the Sistert mining and milling area. Their conclusions were almost certainly confounded by the presence of other types of amphibole asbestos, a near total lack of any epidemiological data, and the association with historical dust levels that were simply beyond "snow storm conditions" (up to 900 f-cc).
Claims that Anthophyllite Asbestos Causes Mesothelioma in Humans
Experimental Animal Observations and their Relevance to Mesothelioma Risk Assessment
An extensive review of the worlds literature on animal mesothelioma (Ilgren, 1993) revealed one long term rodent inhalation study of Finnish anthophyllite. Two mesotheliomas were found at the two highest dose levels (10 -11 mg/m 3 ), one after one year and the other after two years exposure. Whilst the fiber per cc equivalents of these mass doses were not provided by the authors (Wagner et al, 1974) , the doses are astronomical easily in excess of 5,000 f/ml (Ilgren & Browne, 1991) . Such astronomical fiber and dust mass levels would not surprisingly have the ability to produce mesotheliomas but be of little relevance to virtually any encountered historically in humans. In addition, if anthophyllite was truly a potent fiber for mesothelioma one would expect a very high percentage of mesotheliomas such as found with erionite (Wagner et al., 1985) . However, this is not seen. Moreover, as Wagner et al. (1987) said the finding of one background mesothelioma even in these animal studies is not at all surprising, the finding of two mesotheliomas given the exposure parameters undermines the strength of these findings.
Conclusions
Anthophyllite is an amphibole mineral formed from prograde metamorphism of talc in magnesium-rich ultramafic rocks through increasing pressure and temperature and dehydration. The transition is dynamic and reversible so the opposite, retrograde, process can also occur. The detailed mechanism of the transition of talc to/from anthophyllite has been extensively studied for many decades. Likewise, the structure of anthophyllite itself. Anthophyllite in its asbestiform fibrous state differs in important fundamental ways from other commercially exploited fibrous asbestiform amphiboles. At the cellular level anthophyllite is orthorhombic while the other amphiboles are monoclinic. Such a difference in the basic amphibole-structure can account for the greater dimensional fiber width seen with anthophyllite asbestos and the reduction in strength found in the thinner fibers. Microstructural differences such as the stacking defects which occur and their consequences seen in the basic amphibole structure of anthophyllite asbestos may account for both the reduction in fiber strength and the increase in width. These factors are important since it is thinner fibres that would be expected to be the most biopotent as fiber width may be a major factor in the translocation of fibers from lung to pleura. The microstructural differences between anthophyllite and other amphiboles probably account for the apparent lack of an attendant mesothelioma risk to humans following even heavy exposure to anthophyllite asbestos in occupational settings as observed in the long term epidemiological studies made particularly in the United States and in Finland. Animal experimentation reflected these findings even after enormous dose levels of fibre.
